In the present paper, I report the molecular overlap of the linkage of three essential protein complexes that co-ordinate the formation of the mitotic spindle. These proteins are dynein, a large motor complex that moves machinery inside cells, and two of its regulators: a protein complex called dynactin, a dynein activator, and a protein called NudE whose depletion in mice produces a small brain and mental retardation. What is intriguing about the dynein-dynactin-NudE interplay is that dynactin and NudE bind to a common segment of dynein that is intrinsically disordered. Elucidating differences in their binding modes may explain how one regulator can be selected over the other even when both are present in the same cellular compartment. These results not only have a far-reaching impact on our understanding of processes essential for the formation and orientation of the spindle, but also offer a novel role for protein disorder in controlling cellular processes, and highlight the advantages of NMR spectroscopy in elucidating atomic-level characterization of extremely complex dynamic cellular assemblies.
Dynein structure and regulation
Cytoplasmic dynein is a microtubule-based molecular motor that uses the energy derived from ATP hydrolysis to transport cellular cargo. Transport by dynein motors is essential in several aspects of cell behaviour, including separation of chromosomes during mitosis, cell migration and transport of vesicles containing nutrients and other products [1] . Dynein is a massive (1.6 MDa) protein complex composed of multiple subunits of different size. Figure 1 represents our current model for the configuration of its various subunits. There is no structure available for the entire complex, but new structural details of the dynein motor domain [2, 3] , and of the light chains and ICs (intermediate chains) [4] [5] [6] [7] continue to emerge.
Commensurate with the numerous functions and activities of dynein within the cell, a multitude of adaptors and regulators have been identified [8] . The best characterized of the dynein regulatory proteins is dynactin, a multiprotein assembly that is essential for most, if not all, cellular functions of the cytoplasmic dynein complex [9] . Dynactin is linked to dynein through its largest subunit, p150
Glued [10] . Another dynein-regulatory protein, NudE, first identified in Aspergillus nidulans as a protein required for even distribution of nuclei along the hyphae [11] , is essential in processes including kinetochore and centrosome migration, organization of the Golgi complex, centrosome duplication and mitotic spindle positioning, and membrane transport [12] [13] [14] [15] .
NudE and p150 Glued share a common binding motif on the IC [16] which creates a paradox because dynactin, NudE and dynein co-localize in many cellular compartments [17] , and raises the question of how dynein regulation by either protein is co-ordinated. How does p150
Glued binding to ICs affect IC binding to NudE, and vice versa, and how does dynein select between different regulators?
The dynein IC is an IDP (intrinsically disordered protein)
The dynein IC is central to the structure of the dynein motor. It is composed of two domains. The extended Nterminal domain (N-IC) is indicated by grey continuous and broken lines (Figure 1 ). The C-terminal domain (C-IC), which interacts with the heavy chain, is predicted to form a relatively ordered and compact β-propeller structure indicated by the grey globular shapes in Figure 1 . Two copies of the ICs are present in every dynein motor, which are bridged by the three dimeric light chains Tctex1, LC8 and LC7. In addition to the light chains, the N-IC contains interaction motifs for several other proteins known to be integral to the function of dynein. These include p150
Glued , NudE, huntingtin and the ZW10 subunit of the Rod RZZ complex [8] .
With its many interactions, the N-IC appears to be the key modulator of dynein assembly and attachment to cargoes. The N-IC is representative of IDPs, an emerging class of proteins lacking well-defined structure. IDPs include proteins that are completely disordered and those comprise a mixture of ordered and disordered residues. Disordered structures are defined as flexible ensembles of conformations that are, on average, aperiodic, extended and not well packed by other protein atoms. IDPs play diverse roles in the promotion of supramolecular assembly and regulation of function in various binding partners, and are themselves highly amenable to regulation through post-translational modification. IDPs are often located at the centre of biological complexes where they may act as scaffolds presenting multiple binding domains and promoting spatial orientations that facilitate protein-protein interactions (reviewed in [18] ). Often these IDPs, when present in complexes, fold upon binding [19] , or retain their disordered structure in the complex, a phenomenon referred to as fuzziness [20] .
The assembly of the intrinsically disordered N-IC constitutes yet another class of disordered complexes. The N-IC contains several disordered linear motifs that adopt unique structures when bound to dynein light chains. These induced structures complete the fold of the binding partners, whereas the linkers connecting the multiple linear motifs which are not involved in binding remain disordered [5, 6, 21, 22] . The linear motifs in the dynein IC have the propensity to fold either as β-strands (recognition motifs for Tctex1 and LC8) or α-helix (recognition motif for LC7), but only adopt this fold when bound to these partners. Figure 2 illustrates the different linear motifs in the dynein IC in the apo and step-wise bound forms.
NMR spectroscopy and ITC (isothermal titration calorimetry), as demonstrated below, is a powerful combination for identifying recognition elements in disordered proteins and the energetics of multiple association steps.
Dynactin and NudE share common structural domains
The residues primarily involved in the interaction between the dynein IC, dynactin p150
Glued and NudE include, for all three proteins, segments whose secondary structure is predicted by standard sequence-based algorithms to be coiled coil. NudE has a predicted N-terminal coiled-coil domain and a largely unstructured C-terminal domain that associates with CENP-F (centromere protein F), a nuclear matrix component required for kinetochore-microtubule interactions [23] . In solution, the N-terminal domain of NudE, nNudE, is a dimeric coiled coil as predicted [24] . Solution studies of p150 CC1 (residues 221-509) indicate a dimeric coiled coil as predicted (results not shown). In contrast, NMR studies on apo IC1-143 which contains the binding sites for p150
Glued , NudE, Tctex1 and LC8 show that, whereas residues 3-36 are helical as predicted, there is no detectable population of stable coiled coil, and the predominant conformations of the unbound IC are disordered [21, 25] . In the apo form, IC1-143 is disordered, but contains a short helical structure localized by NMR secondary chemical shifts to IC residues 1-40 [21] .
Recognition sites identified by NMR and ITC
A combination of NMR spectroscopy and ITC shows that the binding site of p150
Glued on ICs corresponds to two segments: region 1 composed of residues 1-41, a sequence predicted to have coiled-coil secondary structure, and region 2, composed of residues 46-75, a predominantly unstructured segment with nascent helical propensity [21] . These binding regions were identified by peak disappearance in NMR spectra of 15 N-labelled ICs upon titration with unlabelled p150
Glued . The differentiation between region 1 and 2 is due to their disappearance at different ratios during the titration. No new peaks appear for the bound form, either due to the large (100 kDa) complex or to exchange broadening associated with the dynamic nature of the complex, or to a combination of both. The peaks that are retained in the spectrum belong to a segment that is completely disordered and thus has relaxation behaviour different from that of the bound complex. Similar experiments with NudE show a different pattern of peak disappearance, indicating that only region 1 is involved in binding.
Since the characterization of the bound complex is hampered by disappearance of the peaks at the binding site, an additional complementary technique is used to verify the binding boundaries. Smaller constructs that correspond to region 1 alone, and those that contain regions 1 and 2, were made and their binding to both p150 and NudE was characterized by ITC and compared with a larger domain of IC. With NudE, region 1 retains the full binding affinity, whereas with p150
Glued , both regions 1 and 2 are required to match the binding affinity of NudE observed with region 1 alone [21, 24] .
Features of this shared binding segment are as follows. First, there are two non-contiguous IC-recognition Figure 2 Step-wise assembly model of the N-IC with dimeric light chains
The N-IC (red chain) is shown as a disordered and primarily monomeric protein in equilibrium with a small percentage of dimer. This equilibrium can easily be shifted towards dimer as the local protein concentration is increased, or in the presence of self-association-promoting post-translational modifications. The minor population of dimer enhances the binding affinity of LC8 (green) which in turn enhances the binding affinity of Tctex1 (yellow). Upon LC7 binding (blue), the self-association domain of the IC that is populated in the presence of LC8 is shifted upstream and instead the helix-helix self-association is replaced by helix-LC7 association. The disordered IC adopts β-strands upon LC8 and Tctex1 binding, and a helix-turn-helix upon LC7 binding. The linkers connecting the bound dimeric light chains remain disordered.
sequences for p150, but only one for NudE. Secondly, these regions are helical in nature; region 1 is likely to be coiled coil in the p150-IC and NudE-IC complexes as inferred from patterns of spectral exchange broadening and sequencebased structure prediction of the apo protein, whereas region 2 becomes helical with p150
Glued , but more disordered with NudE. Thirdly, the intervening residues between IC regions interacting with dynactin remain disordered in the complex. Fourthly, the affinity of one protein to the IC is different due to pre-binding of the other. Spectra of ICs when p150 CC1 is titrated in a pre-formed nNudE-IC binary complex show that p150 CC1 can displace nNudE and result in even more pronounced peak disappearance than with p150 CC1 alone, suggesting that the binding affinity to p150
Glued increases in the presence of NudE. In contrast, in the reciprocal experiment, NudE in excess does not appear to compete with p150 CC1. The observation that the binding affinity to p150 increases in the presence of NudE even though a stable ternary complex is not formed is quite puzzling, and so is the ability of p150
Glued to out-compete NudE and not vice versa, especially when both bind with similar affinity.
Structure of the assembled IC
Our model for the IC in its assembled state with p150 Glued or NudE and the light chains (Figure 3 ) is based on a combination of structural data from X-ray crystallography (structure of Tctex1 and LC8 bound to a short segment of IC), dynamics and chemical shift mapping information from NMR spectroscopy (sites where p150 and NudE bind and retained disorder in the linkers) as well as sequence-based prediction of structural propensity (coiled-coil structure of the p150/NudE-binding region). Both helices of unbound IC (Figure 3, top) are included in the multi-region binding footprint of p150
Glued , with the first comprising the entirety of region 1. The proposed coiled-coil conformation for region 1 in the bound state derives from the complex exchange processes and sequence-based prediction of a coiled coil in both the IC and p150
Glued , or NudE; the coiled-coil assemblage depicted in the model could represent an IC-IC coiled coil packed on p150
Glued -p150 Glued coiled coil or NudE-NudE coiled coil. The second nascent helix in the apo IC is contained within the p150
Glued recognition motif in region 2, and shows less attenuation of peak intensity than those of region 1, presumably due to less complex exchangebroadening processes, likely chemical exchange between the free and p150
Glued -bound states of the IC, and structural fluctuation between nascent and fully formed helix within the IC. Thus the nascent helical structure depicted in the model for the apo IC is proposed to persist and perhaps stabilize in the bound state, whereas residues ∼67-75 of region 2, which show less attenuation of peak intensity, are suggested to retain disorder in this part of region 2 in bound p150
Glued -IC. With NudE, there is no significant change in intensity in region The model depicts the apo IC (residues 1-143) (top) as a primarily disordered and monomeric ensemble of conformations with one defined helical region encompassing the N-terminal 40 residues and another region of nascent helicity encompassing residues ∼48-60, as determined from NMR measurements. Segments of the IC for which NMR spectral characteristics are altered by p150 Glued binding are indicated in red (region 1, residues 1-41) and purple (region 2, residues 46-75). The p150 Glued construct is represented as a box with a red and purple striped border, whereas the NudE construct has a blue border. In the IC-bound state, broken lines in the box indicate that p150 Glued does not interact with IC residues 42-45 (linker 1). The IC-Tctex1-LC8 subcomplex portion of the model is from a crystal structure [24] (PDB code 3FM7), with Tctex1 (yellow) and LC8 dimers (green), and the corresponding IC segments in grey (one subunit is light grey, the other is dark grey). All structures, including apo Tctex1 (PDB code 1YGT) and apo LC8 (PDB code 3BRI) were generated using PyMOL 2, suggesting that this region remains flexible and does not interact with NudE.
Thus the bound IC structure differs depending on the partners with which it binds, and the difference is localized to what we term region 2, a stretch of sequence that is highly disordered and susceptible to post-translational modification and to alternative splicing.
Disordered linkers for versatility in regulation
Biological evidence suggests that NudE is required for localization of p150
Glued at the nuclear envelope in prophase [26] Glued , an IC complex with the latter would be more highly populated.
An equally puzzling observation is the localization of both dynactin and NudE in the same cellular compartments. How is regulation of the IC by dynactin against NudE coordinated when both are present, and what determines which protein binds? Our in vitro results suggest that events that modify region 2, but do not significantly affect region 1, could interfere with p150
Glued binding, but have limited effect on NudE binding. Thus residue-specific structural changes in and near region 2 probably either diminish or enhance dynactin binding, with limited effect on NudE binding.
Disorder in region 2 and in the long linker following region 2 promotes local modifications such as phosphorylation and splicing. The disorder in the four-residue linker separating region 1 and 2 minimizes effects on region 1 from residuelevel modification in and near region 2, whereas its short length makes it likely that protein binding to region 2 affects the average structure and NudE affinity of region 1. The consequence of disorder in this small bisegmental IC domain is that a modification localized to a short stretch in the IC can modulate selection among multiple complex regulators of dynein function.
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